Solid, liquid, and gas are three major states of matters, where the constitutive particles can be either atoms, molecules, or ions. By analogy, it is proposed that the assembly of some quasiparticles in solids, could also exhibit distinct states among solid, liquid, and gas [1] [2] [3] [4] [5] . In particular, a topologically protected quasiparticle, Skyrmion (Sk) in magnets 6 , is attracting a great deal of attention due to its intriguing physics [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] as well as the possible applications in next generation memory devices [17] [18] [19] [20] [21] [22] [23] [24] [25] . Although the closely packed hexagonal two dimensional (2D) lattice of Sks has been well visualized in the non-centrosymmetric chiral magnets such as MnSi 7, 8 , Fe0.5Co0.5Si 26 and Cu2OSeO3 [27] [28] [29] , the Sk-liquid phase, on the other hand, has not yet been identified convincingly in experiments 30 . In comparison, both the 2D lattice and liquid phases of a quantized quasiparticle, vortex, have been confirmed in high TC type-II superconductors 1 . In particular, there are two separate regions in the H-T phase diagram which can host the vortex-liquid phase 1 . 1) For fields slightly higher than the lower critical field, with decreasing field, the distance between the vortex increases beyond the London penetration depth A eventually. In this region, the vortex-vortex interaction is an exponential function of vortex-lattice constant a0, and consequently the shear modulus, c66 ~ exp (-a0 /A), decays rapidly, leading to a melting of the vortex-lattice.
2) The interplay between static disorders and thermal fluctuations can melt the regular vortex-lattice and produce a liquid-like state with strong dissipating behaviors near the upper critical field line. Then, it is very natural to expect a similar phase in Sk systems -Sk-liquid phase -to be induced either by low density or static disorders.
The challenge in proving the Sk-liquid phase mainly comes from the lack of suitable tools. Comparing to its static configuration 31 , the negligible elastic property, e. g., c66, in Sk-liquid is a more concrete criterion to distinguish it from the lattice phase 32 . The external stimulus or drives need to be applied to reveal the non-integrity of Sk-liquid and the subsequently dissipative response dynamically. In this sense, the microscopic image and the dc transport technique are not suitable for this purpose. The ac susceptibility can be a tool to detect the dynamic behavior of Sk 33 . However, it is more sensitive to the creation and annihilation of Sk particles instead of their in-plane displacements which won't change magnetization and susceptibility. The problem is even more complicated by the possible coexistence of conical and Sk phases 7 .
Here, we show that the technique of piezoelectric transducer allows the probing of ac magnetoelastic response of Sk phases in bulk samples via interfacial strain coupling in a composite magnetoelectric configuration. In an ME composite, it consists of both magnetostrictive and piezoelectric phases in which the mechanical deformation due to magnetostriction results in a change of polarization P due to piezoelectric effects 34, 35 . Based on previous studies, the Sk phase in MnSi is found to show clear field dependent magnetostrictive behavior 36 . Therefore, a Sk bulk sample (magnetostrictive phase) can be mechanically bonded with a very thin piezoelectric PMN-PT (0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3) transducer (200 μm, piezoelectric phase) with the interfacial strainmediated composite configuration 34 , as schematically shown in Fig. 1a . Then, its ME response is the appearance of P upon applying a magnetic field H:
where E denotes electric field and α (αE) is the ME (ME voltage) coefficient. According to the previous theoretical studies, the longitudinal ME voltage coefficient αE33 (=dE3/dH3) of this kind of ME laminates can be roughly described by the following relationship 34 : 31 
E33
q kfd ∝ α (2) where f is the volume fraction of magnetic phase, d31 the piezoelectric coefficient, the interface strain coupling parameter 0 < k < 1, q31 (=dλ1/dH3) is the magnetostrictive coefficient where λ1 is the magnetostriction along 1 direction under external H along 3 direction. This means that the ac magnetostrictive response q31 of the Sk phase can be converted into αE33 and studied electrically with a very high sensitivity by lock-in technique.
We found that αE33 of the MnSi/piezoelectrics laminate has a much higher sensitivity than the traditional ac techniques such as ac magnetic susceptibility, and thus enables us to map out the different Sk phases in MnSi samples with distinct dynamic characteristics. αE33 shows strong out-of-phase components in the Sk-liquid region in both polycrystalline and single-crystal MnSi samples, indicating the dissipative motion of Sks under ac driven magnetic fields. Surprisingly, the out-of-phase component of αE33 only disappears deep inside the Sk phase for single crystal MnSi sample, revealing the expected internal transition from liquid to lattice phase and the stabilization of Sklattice via the strong Sk-Sk interaction and low density of pinning centers.
Probing skyrmion dynamics via the interfacial ME coupling
The ac αE33 of the MnSi/piezoelectrics laminate composite is measured with a homemade setup, as schematically shown in Fig. 1b . The ac current source will generate an ac magnetic field Hac//3 (3 Oe) with a fixed frequency ω in a Helmholtz coil and the inplane ac magnetostrictive change of MnSi is converted to the ac voltage signals of the piezoelectric layer. The dc magnetic field Hdc is generated and swept by a superconducting magnet. A lock-in amplifier will detect the electrical response of the piezoelectric layer at the same frequency. (See also Methods). The measured voltage signals are used to calculate the ac αE33 =αx + iαy, where αx and αy are the in-phase and out-of-phase components of αE33, respectively. K as determined by the ac magnetic susceptibility measurements, slightly higher than that reported in literatures 7, 30, 31 . Above Tc = 31.4 K, it enters into a paramagnetic phase with a strong spin fluctuation. Figure 2a shows the H (//[111]) dependence of the ac susceptibility χ' and χ'' at 30 K with various frequencies. There are clear features which correspond well with the expected magnetic phases and phase transitions 30, 31 , in particular, proving the existence of the Sk phase at this temperature. For high magnetic field H > 4.5 kOe, MnSi is in the ferromagnetic (F) phase. When H is down swept from 4.5 to 2.2 kOe, χ' shows a drastic increase, indicating an F to the conical (C) phase transition. Further decreasing of H from 2.2 to 1.1 kOe, χ' displays a clear dip in the middle of the field region, which indicates the Sk phase sandwiched between two C phases. Between 0.3 to -0.3 kOe, there is another dip in χ', marking the helical (H) phase centered at zero H. All the above features in χ' are fully consistent with that in literature 33 . In the case of χ'', the two phase-boundaries between C and Sk are marked by two peaks while there is very weak H dependent behavior for other phases or phase transitions. With decreasing the frequency, the magnitude of χ'' decreases continuously. From the above discussions, we could determine the successive transition fields Hc1, Ha1, Ha2, Hc2 of H to C, C to Sk, Sk to C and C to F phase transition respectively in the H decreasing run, as exemplified in Fig Figures 2c and d further show the field dependent αx and αy at selected temperatures. All the curves are nicely centrosymmetric to the original point, consistent with that of the conventional ME composites 28 . The magnitude of αx is always much larger than that of αy at high fields, indicating little or negligible phase lag from the measurement system. At 20 K, αx and αy only show a small wiggle around ±0.5 kOe, corresponding to the H phase. Between 1 kOe and 5.5 kOe, αx and αy are almost constant and very close to zero value, which is attributed to the C phase. A sharp enhancement is observed around 6 kOe for both αx and αy, indicating the metamagnetic transition from C to F phase. However, for temperatures above 28.4 K, both αx and αy gradually show peak-dip features in the field range of 1 to 2.5 kOe. These peak-dip features become more pronounced with increasing temperature, and persist up to 31.2 K. Above 32 K, the entire H dependent αx and αy curves are very smooth and only show a broad peak around 4 kOe. With further increasing the temperature, the ME signal slowly decays above Tc, indicating a strong short-range correlation between spins in this temperature region [See Supplementary Fig. S1 ]. By referring to the reported phase diagram of bulk MnSi 7, 37, 38 , the appearance of the peak-dip features in the intermediate field regime clearly points to the expected magnetic Sk phase.
The Argand diagram of α E33 at various temperatures in single crystal MnSi
To further reveal the possible liquid or solid nature of the observed Sk phase in singleMnSi, we converted the field dependent complex αE33 data (Figs. 2c and d) into the Argand diagram (using αx as the real axis and αy as the imaginary axis in the complex plane), as shown in Fig. 3a . By using the Argand diagram, a dissipative magnetic phase that contributes to an out-of-phase component in αE33 is clearly distinguished. The Argand plot of αE33 at 31.6 K (>Tc), which is in the paramagnetic phase region, shows a straight line with a fixed small phase angle in the entire scanned field range of ±6 kOe. This means that there is no dissipative behavior in paramagnetic phase under driven ac field. The small phase angle should come from the measurement system. Below Tc, all other phases except the Sk phase lie on the same baseline with the same phase angle, marking the non-dissipative nature of the H, C and F phases in single-MnSi. In contrast, the Argand diagram within the Sk phase shows a three-section feature (I-II-III), as exemplified at 30 K in Fig. 3a . The curves in I and III sections show positive and negative out-of-phase components with respect to the base line, respectively, and form the semicircle features under continuous variation of H, indicating the dissipative behaviors within these two sections. However, the intermediate II section resides on the same baseline with other magnetic phases, pointing to a non-dissipative nature of this section. At lower T, the out-of-phase components of the I and III sections gradually shrink together and collapse towards the baseline. The II section disappears at 29.4 K below which only the I and III sections exist. At higher T region between 30 K and Tc, the I and III sections gradually collapse onto the base line with increasing temperature, maybe due to the strong thermal fluctuation near Tc.
From the above data, the I and III sections, e.g., at 30 K, should be attributed to the expected Sk-liquid phase, as indicated in the upper panel of Fig. 3b . As the I and III sections are directly connecting with the C phase, they have relatively lower density of Sk than that of the II section. A similar case has already been observed in high TC superconductors to induce low density vortex-liquid phase 1 . The same mechanism described in the introduction section can explain the appearance of the Sk-liquid phase in the I and III sections where the low density of Sk results in a similar exponentiallydecayed Sk-Sk interaction. Consequently, the depinning process of those sparse Skliquid under ac driven field can lead to an out-of-phase component.
On the contrary, with increasing the Sk density from the I or III section to the II section which has the highest Sk density, the stronger Sk-Sk interaction enhances the elastic properties significantly, leading to a condensation of the Sk-lattice in section II. The low density of pinning centers in a single crystal should not break the regularity of Sk-lattice, as shown in the lower panel of Fig. 3b . More important, the coherent motion of Sk-lattice is less disturbed under ac driven field due to the finite elastic properties in the lattice, leading to negligible phase lag in q31, and consequently αE33. The nondissipative behavior in the II section strongly suggests the realization of the Sk-lattice phase. This is very similar to the case in type-II superconductors where the high vortex density and low pinning density often lead to the lattice configuration of vortex in the high field regime below the upper critical field. When we summarize all the H scan data at each T and draw the phase diagram of single crystal MnSi, a Sk-liquid phase appears to surround a Sk-lattice phase in the intermediate field region, as shown in Fig. 3d . Therefore, by tuning the density of Sk, we indeed induce a Sk-lattice phase deep inside the Sk-liquid phase and observe a clear liquid to lattice internal transition in the single-MnSi sample. To the Sk phase very close to TC, its attribute of lattice or liquid is unclear since the anomaly in αE33 of the Sk phase is too weak. However, in principle, due to the strong thermal fluctuation near TC, Sk should become gas-like in low density with very weak pinning force. Need to mention that, if the bulk Sk phase could extend to the much lower temperatures, the Sk organization will be deeply pinned without showing dissipative behavior under small Hac.
Low-frequency α E33 of poly-MnSi/PMN-PT laminate at selected temperatures
As we learned from the high TC superconductors, the strong disorder is expected to be able to change the phase diagram of vortex as well as its dynamical behaviors 1 . In analogy to vortex system, disorders should also be capable of changing those in the Sk system. We therefore prepared a high quality polycrystalline MnSi with many grain boundaries as the source of disorders. The Sk phase of the polycrystalline MnSi exits between 25 and 29 K, slightly wider than that reported in literatures 7, 33, 37, 38 . Above Tc = 29 K, it enters into a paramagnetic phase with strong spin fluctuation. Figure 4a and b show the field dependent αx and αy of the poly-MnSi/PMN-PT laminate, respectively, between 20 and 30 K under the driven frequency of 1 kHz. Very similar to that of the single-crystal MnSi, the field dependent αx and αy show clear features at every metamagnetic transition field. The detailed H, T-phase diagram of poly-MnSi deduced from the ME voltage coefficient measurements is summarized in Fig. 4d . The obtained phase diagram nicely confirms the helical, conical and the Sk phase in poly-MnSi. In particular, the appearance of the peak-dip features at the intermediate field regime should also point to the Sk phase in poly-MnSi sample. To investigate the effect of strong disorder on the Sk phase, we converted the field dependent complex αE33 data (Figs. 4a and b) into the Argand diagram as well, as shown in Fig. 4c . Below 28.6 K, where a magnetic-field scan starts to cut across the Sk phase, surprisingly, the Argand plot within the Sk phase in poly-MnSi shows a larger positive semicircle connected to a much smaller negative semicircle/full-circle without any extra intermediate non-dissipative section at each temperature. It seems that only the I and III sections are preserved in the poly-MnSi sample. Such feature eventually smears out when T is cooled down below 25 K.
The disappearance of the II section suggests the complete removal of the Sk-lattice phase in poly-MnSi sample. It is fully consistent with our expectation that the high concentration of pinning centers is capable of destroying the long range ordering of Sklattice and extending the regime of the Sk-liquid phase, as schematically shown in Fig.  4d . Due to the existence of grain boundaries, defects et al. in the polycrystalline sample, regular Sk lattice may melt into a liquid phase, leading to creepy motion and depinning process of Sks under ac magnetic fields. Thus, both the magnetoelastic coefficient q31 and the resulting αE33 will exhibit significant out-of-phase part and the semicircle features in the Argand plot. Note that the upper semicircle should correspond to the enhancement of the Sk density with increasing H while the lower semicircle to the decrease of the Sk density, resulting in the opposite sign of q31. Moreover, the Argand plot also distinctively deviates from the base line around Hc2 for the C to F phase transition, especially down to 20 K. This is in sharp contrast with that in single crystal sample and indicates the existence of high density of pinning center induced depinning motion of the domain wall during the metamagnetic transition.
H dependent χ and normalized α E33 of poly-MnSi/PMN-PT laminate at various frequencies
To further probe the dynamical properties of the Sk-liquid phase in the poly-MnSi sample, we measured its αE33 and χ at various frequencies at 27.8 K where the semicircle feature in the Argand plot is most significant, as shown in Fig. 5a . To be able to compare αE33 at various frequencies, we removed the base angle (based on the 29 K data) in the Argand plot at each frequency by rotating clockwisely the curve relative to the (0,0) point. With decreasing the frequency, the area enclosed between the semicircle and realaxis decreases gradually and becomes almost bump like at the lowest frequency of 33 Hz. During this process, the maximum magnitude of αy decreases significantly, indicating the diminishing of dissipative behavior at lower frequency. The strong weakening of out-of-phase component by lowering the driven frequency further confirms the expected dynamic behavior of the Sk-liquid phase.
Ac magnetic susceptibility χ should show similar frequency dependent behavior in the Sk-liquid phase since it is also driven by ac magnetic field. The H dependent χ' and χ'' curves at 27.8 K with various frequencies same as that of αE33 are measured ( Supplementary Fig. S2 ). There are clear features in χ' and χ'' which correspond well with the expected magnetic phases and phase transitions 33 . However, for all the measured frequencies, χ' is dominant and frequency independent, indicating a very small phase lag in χ for all the magnetic phases. With decreasing the frequency, the magnitude of χ'' is almost invariant with some constant offsets, which seems to be inconsistent with very large phase angle in αE33 in Fig. 5a . The apparent discrepancy indicates that the dominant contributions of χ and αE33 are of different microscopic origins.
To directly compare χ with αE33 under different frequencies, Figure 5b shows the Argand plot of complex χ at 27.8 K. Except the small offset along χ'' axis, the Argand plots of χ at different frequencies are almost identical with two semicircles representing the Sk phase, which is in sharp contrast to the strong frequency dependent behavior of the Sk phase in αE33. This discrepancy can be explained by the possible coexisting of the Sk-liquid and a background C phase 7 (Fig. 4d) . The contribution of non-dissipative C phase to χ is much larger than that of the Sk-liquid phase, leading to the small χ'' signal in the Sk phase. On the other hand, the depinning motion of Sk organization in the Sk-liquid phase will make a dominating contribution to the out-of-phase components in q31 and accompanied αE33 according to Eq. 2, via the magnetoelastic coupling. Therefore, the ac magnetoelectric voltage coefficient measurement is indeed a more sensitive tool than the conventional ac magnetic susceptibility technique to probe the Sk-liquid phase.
H ac dependent threshold behavior in α y of poly-MnSi/PMN-PT laminate at 27.8 K To further confirm the existence of depinning effect in the Sk-liquid phase, we measured the αx and αy versus ac driven field Hac. As shown in Fig. 5c , only the αy shows the expected depinning threshold behavior ( ≈ 2 Oe) while the magnitude of αx is linearly proportional to the driven ac magnetic field at low Hac value. The threshold value is broadened due to the high density of disorders. For drives Hac<< , the Sk exhibits no depinning motion while the assembly of oscillating Sk particles around its pinning centers can still generate the elastic change of the sample and be reflected in αx. For Hac~ , depinning occurs on some weakly interacted or weakly pinned Sk first, permitting the Sks to change neighbors over time, as shown in Fig. 5d . In this sense, the Sk in our poly-MnSi sample can be regarded as a dynamic liquid phase. For Hac> , which is the case for Figs. 4a, 4b and 5a, more and more Sk particles depin under driven field while they don't move coherently due to the relatively stronger disorder, leading to significant out-of-phase signal of αy.
Discussion
To qualitatively understand such strong dissipating behavior of the Sk-liquid phase under large Hac, we propose a classical model of the forced small harmonic oscillation with damping to describe the dynamic depinning motion of a single Sk under the background pinned-Sk assembly. Let us assume that a single Sk is oscillating with frequency ω along one-dimension x direction under a variable external force Fcosωt due to the ac driven field, i.e., Haccosωt. The depinning motion of the Sk will suffer from an average frictional force proportional to the velocity − . Then the onedimension motion of Sk can be described by:
where m is the effective mass of the Sk
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, k is the spring constant directly proportional to the elastic stiffness of single Sk relative to the pinned-Sk background, ω0 is the frequency of free oscillations in the absence of friction, and λ>0 is the so-called damping coefficient. Note that, in the current driven mode, the Sk will become massless that Eq. 3 will no longer be valid 39 . The steady-state solution of Eq. 3 is: = ( − ) (4) where b is the magnitude of the forced oscillation and the phase-lag δ due to the depinning motion of single Sk is determined by: = /( − ) (5) With this model, we can understand the large out-of-phase part in αE33 of the Skliquid phase. First of all, in conventional ME composites, αx is dominating at low frequencies away from the resonant frequency. Only around electromechanical resonant frequencies, αy can be significantly enhanced 40 . For the geometry of our polycrystalline sample, the lowest resonant frequency with stretching or torsional modes should be well above 100 kHz. Therefore, the clear features in αy reflect the intrinsic dissipative nature of the Sk phase in the poly-MnSi sample. Secondly, in polycrystalline MnSi, the density of grain boundary is high, leading to a large value and consequently large . Under high Hac, more and more Sks are joining in the depinning motion so that the Sk-Sk interactions and its fixed background is getting weaker and weaker. This will effectively suppress the magnitude of k and ω0. Combining all the above factors, they will result in a large phase-angle δ and a large αy. Eq. 5 can also explain the frequency dependent behavior of αE33 in Fig. 5a for the case of ω<ω0. With decreasing the driven frequency ω, tan and decrease accordingly, so does the magnitude of αy. We notice a recent paper reporting the observation of the Sk-liquid phase via direct imaging with cryo-Lorentz transmission electron microscopy 30 . However, without driving the Sks under motion, whether a Sk-lattice can or cannot maintain the same neighbors as a function of time is unknown.
To conclude, our results unambiguously demonstrate the existence of the Sk-liquid phase which tuned by the density of Sk and impurities. The obtained insights can be immediately related to other bulk Sk systems. We also highlight the simple, novel and phase-angle-sensitive technique that can directly probe the dynamic response of Sk organization in bulk materials. It can be immediately applicable to the study of the vortices in the type-II superconductors, spin density wave, and other exotic particleorganized phases with unusual dynamic properties.
Methods

Sample preparations
The polycrystalline MnSi sample was synthesized by electromagnetic induction melting in an argon atmosphere with a mixture of the elemental materials with an atomic ratio of 1:1. The sample was cut into a rectangular shape with a typical dimension 2 × 3 × 1.5 mm 3 . Single crystals of MnSi were synthesized using a Ga self-flux method in alumina crucible, which was sealed in a fully evacuated quartz tube. The crucible was heated to 1150 °C in 12 h and dwell for 20 h, then cooled slowly to 950 °C at 2K/h, where the Ga flux was spun off in a centrifuge. The residual Ga flux on the surface of crystals was resolved in concentrated nitric acid. High quality single crystals were obtained by washing with water repeatedly. The typical sample geometry is 1 × 1 × 3 mm 3 with the smallest face perpendicular to [111] direction. To prepare the MnSi/PMN-PT ME laminate, first, one of the surfaces of MnSi was polished with less fine sand paper, and a commercially bought [001]-cut PMN-PT single crystal with 0.2 mm thickness was attached on the surface with silver epoxy (Epo-Tek H20E, Epoxy Technology Inc.). The other side of the PMN-PT is also covered with silver epoxy to measure the electrical signal of PMN-PT due to piezoelectric effect. The MnSi/PMN-PT bonded with silver epoxy constitutes an ME laminate device, as shown in Fig. 1a . Since the thickness of the MnSi sample is much larger than that of the PMN-PT single crystal, the induced distortion by sample is regarded to be homogeneous for PMN-PT. The layers of the ME composite are oriented along the planes (1, 2) and that the 3 axis is perpendicular to the same plane. In this case, the direction of polarization in PMN-PT coincides with the 3 axis, as shown in Fig. 1 .
Magnetic susceptibility measurements
Magnetic ac susceptibility χ=χ'+iχ'' were measured by a Magnetic Properties Measurement System (MPMS-XL, Quantum Design) under various frequencies with ac magnetic field Hac = 3 Oe.
Ac magnetoelectric voltage coefficient measurements
Before the ME coefficient measurements, the MnSi/PMN-PT laminates were poled by applying a dc electric field of 650 kV/m from a Keithley 6517B electrometer at room temperature. Then, the longitudinal ME voltage coefficient αE33=dE3/dH3 were measured in a Cryogen-free Superconducting Magnet System (Oxford Instruments, Teslatron PT) using a home-made sample probe. A Keithley 6221 ac source was used to supply an ac current to the helmholtz coil to generate ac magnetic field Hac = 3 Oe in a broad frequency range (33 Hz -10 kHz) and the resultant ac voltage V3 = Vx + iVy, across the electrodes was measured by a lock-in amplifier (Stanford Research SR830) as a function of Hdc or temperature. The ac ME voltage coefficient αE33 is calculated by αE33 =(Vx+iVy)/(Hact), where t is the thickness of the ME composite. (Fig. 1b) . 
